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ABSTRACT 

The  effects of an initial  air-side  boundary  layer on the  ignition 
of slot-injected  gaseous  hydrogen  by  a  hot  supersonic  air  stream  is  treated 
analytically.  The  main  parameters  are  shown  to  be  boundary  layer  size, 
boundary  layer  character - laminar  or  turbulent,  and  hydrogen  temperature. 
Comparison  with  previous  experiment  is  made  and  general  corroboration of 
the  theory  is  obtained.  Finally,  some  parametric  numerical  examples  are 
presented  and  discussed. 
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NOTATION 

Constants 

Characteristic  widths in eddy  viscosity  models 

Specific  heat 

Static  enthalpy 

Stagnation  enthalpy 

Constant 

Transformed  normal  coordinate 

Static  temperature 

Stagnation  temperature 

Reference  temperature 

Axial  velocity 

Normal  velocity 

Transformed  normal  velocity 

Molecular  weight 

Axial  coordinate 

Normal  coordinate 

Species  mass  fraction 

Dens  i ty 

Eddy  viscosity 

Constant 

Transformed  boundary  layer  thickness 

Transformed  displacement  thickness 

Transformed  axial  coordinate 

Time 

Equivalence  ratio 

Ratio  of  specific  heats 

Physical  boundary  layer  thickness 

Conditions  along  the  extension  of  the  splitter  plate 

Free  stream  conditions 

Jet  conditions 

Air  and  hydrogen  respectively 

Wall  conditions 
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THE I G N I T I O N  OF SMT-INJECTED GASEOUS 

HYDROGEN I N  A SUPERSONIC A I R  STREAM 

Joseph A. Schetz and Stanley  Favin 
* * 

Applied  Physics  Laboratory 
Johns  Hopkins  University 

S i lve r   Sp r ing ,  Md. 

INTRODUCTION 

The recent   in te res t   in   supersonic   combust ion  phenomenal J~ J3 

has created a need fo r   t he   cons ide ra t ion   o f   t he   a lways   d i f f i cu l t   ques t ion  
of i g n i t i o n  of  gaseous  fuels a t  now supersonic   speeds .   In   genera l ,  we s h a l l  
be i n t e r e s t e d   i n   t h e   i g n i t i o n   p r o c e s s e s   o f   m i x i n g   g a s  streams as, a t  least  
i n  most cases, t h e   f u e l  i s  i n j e c t e d   i n t o   t h e  a i r  stream a t  o r   nea r   t he  
en t rance   to   the   combust ion   reg ion .  The i n t e r e s t i n g   b u t   d i f f e r e n t  case of 
t h e   i g n i t i o n   o f  pre-mixed  gases  has  been  treated i n   t h e  p a s t  r a the r   ex t en -  
s i i r e ~ y . ~ , ~  

The present  writer has   considered  the  general   problem  for  a 
t a n g e n t i a l  wall s l o t   i n j e c t o r   c o n f i g u r a t i o n   ( s e e   F i g .  1) i n   t u r b u l e n t   f l o w  
from a mainly  experimental   viewpoint  with  heated  hydrogen as the  
The p r i n c i p a l   r e s u l t   o f   t h i s  work, as f a r  as t h e   i g n i t i o n   q u e s t i o n  i s  concerned, 
was tha t   exper imenta l   go ,  no-go i g n i t i o n  data could be cor re la ted   on   the   bas i s  
of  the maximum s t a t i c  t empera tu re   i n   t he  a i r  stream. The hydrogen f u e l  t e m -  
pe ra tu re  u s e d  did  not  vary  strongly  (between 675-900'K). I n   p a r t i c u l a r  , i t  
was found that   under   condi t ions  where  the maximum a i r  temperature was g r e a t e r  
than  1000°K, i gn i t i on   occu r red  and  where T 7 1O5O0K, i g n i t i o n  was very  
r a p i d .  The maximum s t a t i c  t empera tu re   i n  air s t r e a u  was determined by 
consider ing  the  supersonic   boundary  layer   on  the  outs ide  of   the  spl i t ter   p la te  
a t  t h e   i n j e c t i o n   s t a t i o n  (see Fig. 2) .  Assuming t h e   a p p l i c a b i l i t y   o f  a Crocco 
i n t e g r a l  between t h e   v e l o c i t y  and t h e   t o t a l   t e m p e r a t ~ r e , ~  

- 

To = Au + B 

s i n c e  T T + u2/2C the  s ta t ic  temperature becomes 
0 P J  

U U 2 
T = (T oe - TJ + TTJ - 2e e P 

** 
Associate  Mathematician I 

. . ... 
_- 1- 
ypit~ss~I= 



to  whether  the  f low i s  laminar   o r   tu rbulen t .  However, s ince   t he   ve loc i ty  
i t s e l f  i s  monatonic i n  y f o r   e i t h e r   c a s e ,  we  may look f o r  any maximum  by 
d i f f e r e n t i a t i n g   w i t h   r e s p e c t   t o  "u", i. e.  

Thus 

and 

- =  dT (Toe - Tw> 
du U e 

but  ue2/c = 2 (Toe - T ), s o  t h a t  
P e 

It i s  c l e a r   t h a t   f u r t h e r   c o n s i d e r a t i o n s   a r e   i n   o r d e r   i f  one wishes 
to   p red ic t   t he   p robab i l i t y   o f   i gn i t i on   unde r   cond i t ions  of  widely  varying  fuel 
t empera tu re .  Moreover, i t  seems c e r t a i n   t h a t   t h e   p h y s i c a l   s i z e   o f   t h e   a i r  
boundary l a y e r   r e l a t i v e   t o   t h e   i n j e c t i o n   s l o t   h e i g h t  and thus   the  amount of air .  
t h a t  may be a t   t h e   e l e v a t e d  s t a t i c  t empera tu res   r e l a t ive   t o   t he   fue l  flow is 
important  here.  Also i n   t h e   c a s e  where the   f r ee   s t r eam  s t a t i c   t empera tu re  i s  
above the  igni t ion  temperature ,   but   the   boundary  layer  i s  coo le r   a s  a r e s u l t  c i .  
s trong  upstream  cooling  along  the wall p r i o r   t o   i n j e c t i o n ,   t h e   s i z e   o f   t h e  
a i r  boundary l aye r   desc r ibes   t he   s i ze   o f   t he   coo l   "bu f fe r   l aye r "  between r h e  
f u e l  and the   ho t  a i r .  

In   add i t ion   t o   t he   phys i ca l   s i ze   o f   t he   boundary   l aye r ,  i t  i s  c l e a r  
t h a t   t h e   d i s t r i b u t i o n  of s t a t i c  temperature   through  the  layer  i s  important.  
Since a laminar   and  turbulent   boundary  layer   possess   markedly  different  
d i s t r ibu t ions ,   bo th   ca ses   shou ld  be considered and  compared. The vor tex  
sheet  produced  downstream  of  the  injection  station by the   ve loc i ty   d i f f e rence  
between  the  free  stream  and  the  injectant w i l l  most l i k e l y  produce t r a n s i t i o n  
and a fu l ly   t u rbu len t   mix ing   r eg ion ,   bu t   t he   s t a t e  of t h e   i n i t i a l  boundary 
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can  s t i l l  be important.  A l l  of t h i s  would  seem t o   w a r r a n t  a d e t a i l e d   a n a l y t i c a l  
s tudy   of   ign i t ion   p rocesses   in   the   ne ighborhood  of  a s p l i t t e r   p l a t e ,   p a y i n g  
p a r t i c u l a r   a t t e n t i o n   t o   t h e   i n f l u e n c e s   o f  a boundary  layer  on  the a i r  s i d e .  
l h i l e  i t  i s  t r u e   t h a t  a boundary  layer   exis ts  on t h e   f u e l   s i d e ,  i t  i s  gene ra l ly  
much smaller than   the  a i r  boundary  layer  since  the a i r  t r a v e r s e s  a long  run on 
t h e   i n l e t   b e f o r e   r e a c h i n g   t h e   i n j e c t i o n   s t a t i o n  and   the   fue l   usua l ly  comes 
d i r e c t l y  from a plenum  chamber near   the   s lo t .   Fur thermore ,   the  Mach number 
o f   t he   fue l  as i n j e c t e d  i s  gene ra l ly  low, often  subsonic. ,  s o  t h a t   t h e   e f f e c t s  
of   v i scous   d i ss ipa t ion   a re  much smaller i n   t h i s   r e g i o n .  

This   repor t  i s  thus  concerned  with a s tudy   of   the   f low  f ie ld ,  shown 
schemat i ca l ly   i n   F ig .  3. The flow in   t he   mix ing   r eg ion  i s  taken as f u l l y  
tu rbu len t  and   the   e f fec ts   o f   the  wall which  bounds t h e   f u e l   j e t  on the  bottom  are 
neglec ted  as be ing   un impor t an t   i n   t he   i n i t i a l   mix ing   r eg ion  where w e  wish 
to   s tudy   i gn i t i on   p rocesses .  The l o g i c a l   f i r s t   s t e p   i n   t h e   t r e a t m e n t  of t h i s  
problem i s  to   deve lop   t he   f l ow  f i e ld   fo r  a non- reac t ing   o r   f rozen   s i t ua t ion .  
This i s  accomplished  here by an   ex tens ion  of t h e  writer's previous   tu rbulen t  
f r e e  j e t  mixing   ana lys i s .*   Essent ia l ly ,   the   t rea tment  i s  based  on  the  assumption 
o f   un i t   t u rbu len t   P rand t l  and  Lewis  numbers, a mass f low  d i f fe rence  model f o r   t h e  
eddy  viscos'i'ty  and a l inear iza t ion   of   the   boundary   l ayer   equa t ions   per formed  in  
a Howarth-Dorodritzin  plane,  as opposed to   t he   o lde r   ana lys i s   wh ich  was done 
i n   t h e  Von Mises plane. The i n i t i a l  boundary  layer   prof i le  i s  approximated by 
a mod i f i ed   exponen t i a l   i n   t he  form: 

t 
" 
U 

U 
- 1 - e  -ME> 

e 

By a var ia t ion   o f   the   va lue   o f   the   parameter ,  A ,  t h i s   exp res s ion   can  be made 
t o   r e p r e s e n t   e i t h e r  a laminar   o r   tu rbulen t   boundary   l ayer   to  a good  degree  of 
accurac . A p r o f i l e   w i t h  A = 2.50 i s  compared with  an  experimental   laminar 
p r o f i l e   i n   F i g .  No. 4 and  one w i t h  A = 10.0 i s  compared wi th   an   exper imenta l  
t u r b u l e n t   p r o f i l e 7   i n   F i g .  No. 5 .  The i n i t i a l   e n t h a l p y   p r o f i l e s  are r e l a t e d  
t o   t h e  assumed ve loc ' i t y   p ro f i l e s  by another   form  of   the  Crocco  integral ,  
namely 

Y 

= H = cons tan t  , t < o 
j 

Once the   f l ow  f i e ld  i s  determined,   an  isotherm  and  s t reamline  pat tern 
can be constructed.   These  pat terns   can be examined t o   s e e   i f  any   reg ions   ex is t  
with  both T > Tig   and   the   fue l   concent ra t ion   above   the   l ean   ign i t ion  l i m i t .  
I f   n o t ,   i g n i t i o n  i s  no t   poss ib l e .   I f   t hese   cond i t ions  are met i n  a r eg ion  
then ,   the   s t reaml ine   th rough  th i s  area can be followed  downstream t o  see i f  
s u f f i c i e n t   t i m e   f o r   i g n i t i o n  i s  ava i l ab le   be fo re   pas s ing   i n to  a co lde r   o r  
leaner   region.  
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In   gene ra l ,   t h i s   p rocedure   cou ld  be accomplished  with a chemical 
k i n e t i c   a n a l y s i s   o f  premixed  gases  (e.g. , Ref. 5) modif ied  to   a l low d i s t r i -  
buted  sources and s inks  of   heat   a long  the  path so that  the  "frozen"  tempera- 
t u r e  h i s tory   a long   the   s t reaml ine   can  be matched. A t  f i r s t   g l a n c e ,  i t  may 
seem s t r a n g e   t o  employ a non-react ing  mixing  analysis   to   determine  the  s t ream- 
l i ne   t empera tu re   h i s to ry ,   bu t  i t  has  been shown t h a t   e s s e n t i a l l y  no n e t  
temperature r ise  i s  achieved   dur ing   the   ign i t ion   de lay   per iod .  A l l  the  energy 
goes   i n to   t he   shu f f l i ng   o f   t he   concen t r a t ion   o f   t he   va r ious   mo lecu la r  and 
a tomic   cons t i t u t en t s .   Thus ,   t he   l oca l   t empera tu re   f i e ld  i s  no t   a f f ec t ed  by 
the  chemical   react ions  during  this   per iod  and  can be determined  from a non- 
r eac t ive   ana lys i s   p rov ided   t ha t   d i s soc ia t ion   o f   t he   mo lecu la r   spec ie s ,  which 
does   change   the   dens i ty ,   does   no t   s ign i f icant ly   a f fec t   the   mix ing   process .  
I n  a l l  t h i s ,   t h e   e f f e c t s  of   vary ing   overa l l   equiva lence   ra t io   a long   the  
s t reaml ine   could   l ike ly  be neglec ted   s ince  i t  i s  w e l l  known t h a t   i g n i t i o n  
delay  t imes are q u i t e   i n s e n s i t i v e   t o   e q u i v a l e n c e   r a t i o   o v e r  wide ranges.  
However, t h i s   e f f e c t   c o u l d   a l s o  be included by a l lowing   d i s t r ibu ted  mass 
sources  and s inks  so  t h a t   t h e   l o c a l   o v e r a l l   e q u i v a l e n c e   r a t i o   p r e d i c t e d  by 
the  "frozen"  analysis   could be reproduced.   In   the  present   work,  a c ruder  
but   qu i te   usefu l   p rocedure  i s  employed. Previously  determinedY4y5  igni t ion 
de lay   cor re la t ions   a re   used   to   es t imate   an   ign i t ion   de lay   t ime  which  i s  then 
compared t o   t h e   r e s i d e n c e  time of a f l u i d   p a r t i c l e   i n   t h e   " h o t   s p o t ' '   i n   o r d e r  
t o  assess the   l i ke l ihood   o f   i gn i t i on .  

An 'ana lys i s   o f  a related,   but  simpler,   problem  has  been  presented 
by Marble  and  Adam~on.~ They t r e a t e d  a laminar   case  with no i n i t i a l  boundary 
l aye r  and a s i m p l e  one-s tep   combust ion   reac t ion .   In   tha t   ins tance ,   the   f low 
f i e l d  i s  similar and  can be handled  simply;  there i s  no  problem wi th   r e spec t  
t o   t h e   s e l e c t i o n  of an   eddy  v i scos i ty  model  and the  s i m p l e  chemistry  does  not 
predict   an  igni t ion  temperature   and  cannot  be modi f ied   to   reasonably   represent  
the  hydrogen  and a i r  r e a ~ t i o n . ~  

ANALYSIS 

Conservation Laws 

The mixing of a non-homogeneous flow  system  can be descr ibed by the 
genera l  laws of   conserva t ion  of mass, momentum, energy  and  individual   species  
f o r  a compress ib le   f lu id .  The tu rbu len t  laws a re   t aken   he re   t o  be i d e n t i c a l  
i n  form to  the  corresponding  laminar   f low  equat ions when expressed  in   terms 
of mean flow q u a n t i t i e s  and tu rbu len t  "eddy  transport:   coefficients".   Taking 
the   tu rbulen t   Prandt l   and  Lewis numbers as unity,   the  boundary  layer form of 
these  laws fo r   cons t an t  s t a t i c  pressure  may be w r i t t e n :  

Mass con t inu i ty  
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Momentum 

aU  aU a a U  
ax aY  aY pu - + pv - = - (ps 5) 

Energy  (stagnation  enthalpy) 

a H  a H  a pu - + pv - = - (ps &- ax aY a Y  aH> 

Species  

ayi ayi a aY 
pu ax a Y  a Y  

+ pv - = - (ps a y )  

where 8 = eddy t r a n s p o r t   c o e f f i c i e n t ,  i = 1,2  denot ing a i r  and  hydrogen 
r e spec t ive ly .  

It i s  conven ien t   t o   t r ans fo rm  these   equa t ions   i n to  a cons tan t  
dens i ty  form by the   i n t roduc t ion  of a new normal  coordinate  defined as 

Y 
t E J  dy 

'e 
0 

In   t he   (x , t )   p l ane ,   t he   conse rva t ion  laws become 

aU av 
ax a t  

?r 
- + - = o  

aU * a U  1 a 
ax a t  pe2 a t  u - + v  -E"  

aYi * ayi 

ax u -  + v  a t = - -  ( 17 

Eddy Viscos i ty  Model 

A t  t h i s   s t a g e ,  we m u s t  spec i fy  a model for   the   t e rm (pa€)  conta in ing  
the  eddy  viscosity.  There  has  been a considerable   effor t   expended  towards 

5 



determining a s u i t a b l e  form f o r   t h i s   q u a n t i t y   o v e r   t h e  l a s t  few years .  The 
present   wr i te r   has  employed a g e n e r a l i z a t i o n   o f   P r a n d t l ' s  low speed  flow 
expression 

E: = Kb* (x)  lumax - u min I = f1(x) 

where 

fol lowing  Ferr i"   to  

where 

in   the   t rea tment   o f   two-dimens iona l   f ree  j e t  mixing  of  hydrogen i n  air.' 
Recent  experiments  on this  system  have  been  independently  performed by the 
Marquardt Corp." Some comparison  between  the  theory  and  experimental   results 
i s  shown i n  Fig. 6 with  the  kind  permission  of  M r .  M. L. Brown. C lea r ly  good 
agreement  has  been  achieved,  and one i s  encouraged   to   be l ieve   tha t   an   expres-  
s i o n  of the  form  of Eq. (19) can be used  with some conf idence .   In   a t tempt ing  
t o   t r a n s l a t e  a l l  t h i s   t o   t h e   p r e s e n t  problem, i t  i s  i n s t r u c t i v e   t o   c o n s i d e r  
the c lass ical  treatment  of  the low speed   equ iva len t   w i thou t   an   i n i t i a l  boundary 
layer.'" In   tha t   case ,   the   mix ing   wid th ,   b ,  was t aken   p ropor t iona l   t o   t he  
s t reamwise  coordinate ,   x ,  so  t h a t  

f u r t h e r  
1 - U - u  

r J = -  max m i  n 

max min 2 (KcX)-" - - 15 where X u + u  

F ina l ly ,   then ,  we can   wr i te  

Extending   th i s   to   the   compress ib le ,   var iab le   dens i ty   case  as i n  goi.ng f l  om 
Eq. (18) t o  Eq. (19)  we g e t  

6 

P C ( X >  x 
p"s = 60 ('eu, + P . U . )  = f3(X) 
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This   express ion   g ives  a zero  eddy  viscosi ty  a t  the  end  of  the 
s p l i t t e r   p l a t e  which i s  u n r e a l i s t i c   i n  any case and  cannot  be  for  the case 
of  an i n i t i a l   t u r b u l e n t  boundary l aye r  which i s  of   in te res t   here .   Clauser13  
has shown t h a t   t h e  "wake" region  of  an  incompressible  turbulent  boundary  layer 
can be cons idered   to   have  a constant   eddy  viscosi ty   expressed as 

where IC = .016. We can,  therefore,   modify Eq. (22) t o   i n c l u d e   t h i s   b e h a v i o r  
approximately as 

I Solu t ion   in   the   Transformed  P lane  

Returning now t o   t h e   d i f f e r e n t i a l   e q u a t i o n s   o f   m o t i o n ,   t h e   q u e s t i o n  
o f   t he i r   so lu t ion  must  be  considered. I n   t h e   a b s e n c e   o f   a n   i n i t i a l  boundary 
layer,   the  f low  problem i s  "similar" and t h e   s o l u t i o n  i s  s t ra ight . forward.  With 
the  boundary layer ,   the   problem i s  %on-similar" ,   and  e i ther   numerical   or  
approximate  methods  must be employed. The crude  nature   of   our   present   under-  
s tanding   of   tu rbulen t   f low  processes   hard ly   jus t i f ies   the   expense   and   compl ica-  
t i on   o f  a d i rec t   numer ica l   sb lu t ion .   Rather ,  i t  seems appropr i a t e   t o   pu r sue  
some approximate  method.  Here,  the  use  of a l inear ized   approximat ion   fo l -  
lowing  Oseen  and Carrier (see Ref. 14) has  been  chosen.  Accordingly,  the 
convec t ive   der iva t ive  i s  approximated as 

I rendering  the Momentum Equat ion,   for   example,   in to   the form 

This   can be f u r t h e r   s i m p l i f i e d  by the   i n t roduc t ion   o f  a new streamwise  ceordinate ,  
E ,  defined by 

dx '," ue - =  
P2 8 
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Using Eq. (11) + 

and s ince  5 (x = 0) = 0,  t h i s  becomes 

X2 * 60 - + A  X =  2 0 (Pe /Pc )  dS' (1.E) 0 
The momentum equat ion  now t a k e s   t h e   f i n a l  form 

aU - a Z u  

which  can be eas i ly   r ecogn ized   a s   t he   c l a s s i ca l   hea t   equa t ion  whose s o l u t i o n  
has  been  extensively  studied.15 

The boundary   condi t ions   per t inent   to   the   p roblem  of   in te res t   here   a re  

t 
u ( 0 ,  t) = u (1 - e-*(E)) t > 0 e - 

The s o l u t i o n  i s  most   eas i ly   ob ta ined  by the  use  of  Green's  functions and can 

~ ~~ ~~ 

For  the  case  of a l a m i n a r   i n i t i a l  boundary l aye r ,   t he  A. i s  dropped  and 
9: 

Eq. (22) m u s t  be modif ied  accordingly.  
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be  written: 

-e 
A 

The  stagnation  enthalpy  and  species  concentration  fields  are  subject 
to  the  boundary  conditions 

H(o,t) = He - (He - H,) e y t > O  

= H = constant t < 0 
j 

Y,(oyt) = 1 y t - > 0 Y2(OYt) = 0 y t - > 0 

= o  y t < O  - = 1  t < O  - 

lim  H(5,t) = He Y lim  H(5,t) = H 
t-, (+") t4( -") j 

lim Yl(5.yt) = 1 Y lirn Y1(CYt) = 0 

t'(f0)) t'( -") 

lim  Y2(5,t) = 0 Y lim Y (5,t) = 1 2 
e+(+") t'( -") 

, The  solutions  can be determined  as  above  and  are 

- (He - H,) e (q - y)[ 1 t A f i  
1 +  erf - - -  2 

. f i  A 

1 + erf (e) 
Y1(Eyt) = 2 



e r f c  - I& I 
Transformat ion   to   the   Phys ica l   P lane  

I n   o r d e r   t o   u s e   t h e s e   s o l u t i o n s   t o   d e s c r i b e  a given  physical   problem, 
i t  i s  necessa ry   t o   i nve r t   t he   t r ans fo rma t ions  from (y't), i . e . ,  

+ 
L 

y =/ d t '  (37) 

0 

and ( x ~ E ) ,  Eq. (29). To perform  these  operat ions,  we mus t  have  the  local  
v a r i a t i o n  of s t a t i c  dens i ty .  Now f o r  a per fec t   gas  

s o  t h a t  we r equ i r e   t he  s t a t i c  temperature.   Taking  the s t a t i c  temperature - 
e n t h a l p y   r e l a t i o n  as l o c a l l y   l i n e a r   i n   t h e   v i c i n i t y   o f  some reference  tempera- 
t u r e ,  Try fo r   each   cons t i t uen t ,  i . e . ,  

and  noting h = C Yihi and H t h + u2/2 we c a n   f i n a l l y   w r i t e  
._ 2 I I 2  
U 

H ( t ,  5 )  - 2 e [ E] - Y ~ A ~  
T = T  + 

C Yi c 
P,. 

r 

The requi red   opera t ions  were  performed  numerically  on  an IRM 7094. 
These r e s u l t s  were  then  analyzed by computer t o  determine  the  s t reamline and 
i so therm  pa t te rns .  

NUMERICAL: EXAMPLES 

The r e s u l t s   o f  sample c a l c u l a t i o n s   d i s p l a y  some i n t e r e s t i n g   e f f e c t s  
f o r   d i f f e r e n t  cases determined by t h e   i n i t i a l   c o n d i t i o n s .  

Perhaps  the  most  important:  case i s  t h a t  where  the  freestream  static.  
temperature i s  s u f f i c i e n t l y  low t h a t  boundary  layer   effects  mus t  be r e l i e d  upon 
t o  produce i g n i t i o n   i n  a p r a c t i c a l   d i s t a n c e .  One c a n   e a s i l y   c a l c u l a t e  the  
maximum s t a t i c  temperature   in   the  boundary  layer   for  a given wall temperature 
and thence  might   conclude  that   igni t ion  could be r ead i ly   ach ieved   i n  a given 
case.  The de ta i l ed   desc r ip r ion  o f  this   process   produced by the  present. analysis 
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shows that   such  an  approach i s  s u p e r f i c i a l  and of ten   mis leading .  The 
phys ica l  size of t h e   i n i t i a l  s p l i t t e r  place boundary layer   p lays  a dominant 
ro l e   i n   de t e rmin ing   whe the r   i gn i t i on  w i l l  indeed  occur   regardless   of   the  
wall temperature   or   the  maximum tempera tu re   i n   t he  boundary  layer.  This 
po in t  i s  c l ea r ly   d i sp l ayed  by n u m e r i c a l   r e s u l t s   f o r   t h e   t y p i c a l  cases, 
"A" and "B'' i n   T a b l e  I. 

TABLE I 

In i t ia l   Condi t ions   for   Numer ica l  Examples 

CASE T~ OK A ,  f t  Pe, a t m  

A 750 10,000 300 300 ,005 1 

B 7 50 10,000 300 300 .10 1 

C 7 50 10,000 300 500 .10 1 

D 750 10,000 300 750 .10 1 

The maximum temperature  in  the  boundary  layer  for  ei ther  boundary  layer  thiclc- 
ness would be 1550°K which i s  c e r t a i n l y   h i g h  enough to   conclude   tha t   the  wall 
might cause i g n i t i o n .  The i so the rm  pa t t e rns   i n   t he   mix ing   r eg ion   fo r   t he  two 
boundary l aye r   t h i cknesses  are shown i n   F i g s .  7 and 8. The maximum s ta t ic  
tEmperature   fa l ls   below  the  auto- igni t ion  level  ( lOOO°K)  i n   a n   a x i a l   d i s t a n c e  
somewhere between  one  and two i n i t i a l  boundary  layer   thicknesses   in   both 
cases. A conserva t ive  estimate of   the   ign i t ion   de lay   d i s tance   for   these  
cases   can  be made  by bas ing   t he   i gn i t i on   de l ay  time on the  mzximum temperature 
i n   t h e   i n i t i a l  boundary  layer  and  using  the  velocity a t  T = T as the  
c h a r a c t e r i s t i c   v e l o c i t y .  For the   condi t ions  of t h i s  problem T%ng the  s t a t i c  
pressure  as one  atmosphere4 

(T . ) = 5 x 10 sec. -6 
'ig max 

s o  t h a t  

%d i d  max = 7 x u(T ) = .028 

Thus,  for Case "A" (A = .005 f t . )   t h e   l o c a l  s t a t i c  temperature is depressed 
i n  a d i s t a n c e   f a r   t o o   s h o r t   f o r   i g n i t i o n  by mixing  with  the  colder  h e 1  and 
from t h e   a c c e l e r a t i o n  due to   v i scous   shea r .  

The s t reamline  through  the maximum t e m p e r a t u r e   i n   t h e   i n i t i a l   s p l i t t e r  
plate  boundary  layer i s  a l s o  shown i n   F i g .  7 .  Observe t h a t  it does  not  follow 
the  region  of  maximum s t a t i c  temperature as i t  proceeds  downstream.  Thus,  the 
maximum t e m p e r a t u r e   i n   t h e   i n i t i a l  boundary l a y e r  i s  not  a r e l i a b l e   i n d e x  fo r  
i gn i t i on   un le s s   t he   i gn i t i on   de l ay   d i s t ance   based  upon it i s  small compared t o  
the  boundary  layer  thickness.  The s t r e a m l i n e   t h a t  passes through  the  point  
T = .8 Tmax i n   t h e   r e g i o n  above T i s  a l s o  shown fo r   r e f e rence .  It tends max 
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t o   fo l low  the   r eg ion   o f  maximum temperature somewhat be t t e r   bu t  s t i l l  i s  
not a r e l i a b l e   i n d e x   f o r   i g n i t i o n .  

I n   F i g .  8,  l i nes   o f   cons t an t   equ iva lence   r a t io   fo r  two va lues :  
cp = 1.0 (YH = .0292)  and co = .10 (YH = .00292) a r e  shown. The l e a n   i g n i t i o n  
l i m i t  f o r  h$drogen i s  about cp = .10 aad i t  can be s e e n   t h a t   t h e   l i n e   r e p r e -  
s en t ing   t h i s   va lue   pas ses   t h rough   t he   r eg ion   o f   h igh   s t a t i c   t empera tu re .  
Again, i t  i s  i m p o r t a n t   t o   n o t e ,   t h a t   t h i s  minimum hydrogen  concentration  does 
not   occur   concurrent ly   with Tmax, f u r t h e r   s u b s t a n t i a t i n g   t h e   a s s e r t i o n   t h a t  
Tmax alone i s  not  a s u f f i c i e n t  gauge  of i g n i t i o n   p r o b a b i l i t y .  On the   bas i s  
of  these resu l t s ,  we conc lude   t ha t   fo r   t he   ca se  of c o l d   f u e l   i n j e c t i o n ,  wall 
e f f ec t s   canno t  be r e l i e d  upon t o  produce  ignit ion,   unless  the  boundary  layer 
i s  a t  l ea s t   t he   o rde r  of   the  igni t ion  delay  dis tance  based  on Tmax and  IJ(Tmax). 
Typ ica l   s t a t i c   t empera tu re  and v e l o c i t y   p r o f i l e s  a t  s e v e r a l   e x i t   s t a t i o n s   a r e  
g i v e n   i n   F i g .  9 and Fig. 10 for   in format ion .  

Another i n t e r e s t i n g   c o n s i d e r a t i o n  i s  t h e   i n f l u e n c e   o f   i n i t i a l  
fuel   temperature  on the  foregoing  conclusion.  To i n v e s t i g a t e   t h i s   e f f e c t ,  
two a d d i t i o n a l   c a l c u l a t i o n s  were made us ing   the  same a i r  s ide   cond i t ions  
bu t   va ry ing   t he   fue l   t o t a l   t empera tu re   t o  500°K and 750°K w i t h   t h e   j e t  Mach 
number he ld  a t  unity.   These  cases  are  denoted as "C" and "Dl' i n   T a b l e  I 
and t h e   r e s u l t i n g   i s o t h e r m   p a t t e r n s   a r e   g i v e n   i n   F i g s .  11 and  12.  Comparing 
with  Case "B" (same A = . l o 0  f t ) ,  i t  can be r e a d i l y   s e e n   t h a t   t h e   r e g i o n s   o f  
e levated  temperature  are extended  downstream by t h e   h o t t e r   f u e l .   T h i s  i s  
c e r t a i n l y   t o  be expec ted   s ince   the  amount of  energy  involved  in  hydrogen 
hea ted   an   addi t iona l  few hundred  degrees  Kelvin i s  considerable  and  the 
energy  exchange  that  occurs upon mixing   wi th   the   ho t te r  a i r  causes a much 
smaller r e d u c t i o n   i n  a i r  temperature.  The important r e s u l t ,  however, i s  t h a t  
the  extension  of   the  region  with  mixture   temperatures   above  the  auto- igni t ion 
temperature i s  n o t   d r a s t i c ,   I n   t h e  500°K fuel   temperature  case, i t  i s  
extended  f rom  s l ight ly  more than  one  to  almost two boundary  layer  thicknesses 
while   the 750°K case ex tends   t o  somewhat more than  two. This  i s  a second 
o r d e r   e f f e c t  when compared to   t he   i n f luence   o f  Tmax on ~i and  thus  does  not 
a l t e r   t he   r equ i r emen t   t ha t   t he  boundary layer   th ickness  mlist be a t   l e a s t  of 
the   o rder   o f   the   ign i t ion   de lay   d i s tance   for  wall  e f f e c t s  t o  be important .  
Of cour se ,   i f   t he   fue l   t empera tu re  i s  r a i s e d  above the  auto- igni t ion  temperature  
then,  w a l l  e f f e c t s  on the a i r  s i d e  w i l l  no longer be dominant  and the  above 
conc lus ions   a r e   i nva l id .  

As ide   f rom  the   ac tua l   phys ica l   s ize   o f   the   in i t ia l   boundary   l ayer ,  
i t s  charac te r - laminar   o r   tu rbulen t  - has a s i g n i f i c a n t   i n f l u e n c e .   I n   F i g .  13 ,  
t he   i so the rm  pa t t e rn   r e su l t i ng   fo r   t he   cond i t ions   o f  Case "B'l but   wi th a 
l a m i n a r   i n i t i a l  boundary l aye r  i s  shown. When compared with  Fig.  8 a l a rge  
d i f f e rence  i s  apparent .  It should be  noted  that   the same value  of  the  transformed 
boundary layer   th ickness  A ,  does  not  imply  the same va lue  of t h e   a c t u a l  boundary 
l aye r   t h i ckness   fo r  a laminar  and  turbulent  case.   This i s  a r e s u l t  of the  ap- 
p l i ca t ion   o f  Eq. 13 ,  i . e .  

0 
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where (b/ije) vs .  y i s  not   the  same f o r  a laminar  and  turbulent case. I n  
the   p re sen t   i n s t znce   fo r  A = . l o 0  f t ,  6 = .122 f o r   t h e   t u r b u l e n t  case and 
6 = .171 for   the   l aminar  case. I n   F i g .  8 and  Fig. 13 it can be s e e n   t h a t  
a l a m i n a r   i n i t i a l  boundary l a y e r  i s  b e n e f i c i a l  as f a r  as i g n i t i o n  i s  con- 
c e r n e d   s i n c e   t h e   i n i t i a l  rate of  mixing i s  lower when compared t o   t h e  same 
s i t u a t i o n   w i t h  a t u r b u l e n t   i n i t i a l  boundary  layer.  This i s ,  i n   l a rge   measu re ,  
due t o   t h e   f a c t   t h a t   t h e   i n i t i a l  velue of   the   eddy  d i f fus iv i ty  i s  small i n   t h e  
"laminar" case s i n c e   t h e r e  i s  no cont r ibu t ion   of   the   ups t ream  turbulen t  as 
wi th  a tu rbu len t  boundary l aye r .  The l i nes   o f   cons t an t   equ iva lence   r a t io  a t  
values   of  cp = 0.10 and cp = 1.0 a r e   a l s o  shown on Fig.  13 s o  t h a t   t h e y   t o o  
can be  compared t o   t h e   t u r b u l e n t  case i n   F i g .  8. 

Another r e l a t e d   s i t u a t i o n  i s  t h a t  where t h e   f r e e   s t r e a m   s t a t i c  
temperature i s  s l i g h t l y  above  the  auto- igni t ion  temperature  (lOOO°K), and 
where the  wall and  the  fuel  are co ld ,  It might be expected  that   the   "cold" 
boundary l aye r  may r e t a r d   i g n i t i o n .   I n   p r i n c i p l e   t h i s  i s  t r u e ,  however, 
the   phys ica l  s i ze  of the  boundary  layer i s  aga in  a dominant factor .   For  
example, i f  the  boundary  layer i s  s e v e r a l   i g n i t i o n   d e l a y   d i s t a n c e s   t h i c k ,  
t hen   fue l  and a i r  will n o t   e x i s t   t o g e t h e r   i n   r e g i o n  a t  su f f i c i en t   t empera tu re  
t o  produce i g n i t i o n   f o r  some d i s t ance  downstream. On the  other   hand,  a small 
boundary l a y e r  w i l l  have l i t t l e  r e t a r d i n g   e f f e c t .  However, i n   t h e  case of 
hydrogen f u e l   t h i s  whole e f f e c t  i s  not   genera l ly   impor tan t .   This  i s  a r e s u l t  
of   the   extremely low l e a n   i g n i t i o n  l i m i t  and  extremely  high  heat  of  combustion 
of  hydroge'n i n  a i r .  Thus, a mass f r a c t i o n  of  hydrogen of only  about 0.003 
i s  s u f f i c i e n t   t o  cause t h e   r e l e a s e   o f   s i g n i f i c a n t  amounts of   hea t ,   This  
concent ra t ion  is  normally  achieved  far   out   in   the  boundary  layer   (see  Fig.  8) 
where t h e  s t a t i c  temperature i s  nea r   t he   f r ee   s t r eam  va lue   i n  a reasonably 
s h o r t   d i s t a n c e  so  tha t   even  a large  boundary  layer would n o t   r e t a r d   i g n i t i o n  
markedly. 

In   conc lus ion   t hen ,   t he   ma jo r   r e su l t  of t h i s   s t u d y  i s  t h a t   t h e  
p h y s i c a l   s i z e  and cha rac t e r   o f   t he   i n i t i a l   boundary   l aye r   p l ay  a dominant 
ro l e   i n   de t e rmin ing   whe the r  wal l  e f f ec t s   c2n  be r e l i e d  upon t o  produce 
a u t o - i g n i t i o n   i n  a supersonic   s t ream. No s imple  exact  r e su l t  has  been  obtained, 
but  an  adequate estimate i s  c o n t a i n e d   i n   t h e   s t a t e m e n t   t h a t  

f o r  a reasonable   expectat ion  of  wall e f f ec t s   a lone   t o   p roduce   i gn i t i on .  

COMPARISON W I T H  EXPERIMENT 

The r e su l t s   o f   t he   ana lys i s   deve loped   i n   t he   p rev ious   s ec t ions   can  
be compared to   the   exper imenta l   observa t ions   p rev ious ly  made by t h e   w r i t e r ,  
mentioned i n   t h e   I n t r o d u c t i o n .   F i r s t ,   t h e   g e n e r a l   t e s t   a r r a n g e m e n t  i s  
desc r ibed ;   t hen   t he   pe r t inen t   expe r imen ta l   r e su l t s   a r e   p re sen ted .   F ina l ly ,  
ana ly t i ca l   p red ic t ions   fo r   t he   cond i t ions   o f   t he   expe r imen t  are presented  and 
discussed.  
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Experimental  Apparatus 

It i s  a lways   des i rab le   to   formula te   an   exper imenta l   inves t iga t ion  
which  embodies a l l  the  phenomena of i n t e r e s t   t o   t h e   i n t e n d e d   a p p l i c a t i o n   b u t  
y e t  which idea l i zes   t he   gene ra l   phys i ca l  problem i n   o r d e r   t o   i n c r e a s e   t h e  
l i ke l ihood   o f   ob ta in ing   an   ana lys i s   t o  compliment  the  experimental  data. 
One va r i ab le   t ha t   g rea t ly   compl i ca t e s  any  attempt a t  analyzing  the  mixing 
process  involved  here i s  the   g rad ien t   o f  s t a t i c  pressure.  The experimental  
a r rangement   used   for   the   s tud ies   descr ibed   in   th i s   repor t  was the re fo re  
spec i f i ca l ly   des igned   t o   min imize   t he   va r i a t ion  of s t a t i c   p re s su re   t h roughou t  
the  combustion  region. A t  a f i r s t   g l a n c e ,   t h e   c o n f i g u r a t i o n  shown i n   F i g .  14a 
would  seem t o  be the  most   desirable   f rom  this   s tandpoint  as the re  would be  no 
re f lec t ions   o f   the   compress ion  waves caused by local   s t reamtube  expansion  in  
the   r eac t ion  zone  and  any  questionof  thermal  choking i s  circumvented by the 
l a rge   ava i l ab le   a r ea .  The arrangement shown in  Fig.  14b,  however,  possesses 
the  additional  advantage  that   the  tendency  toward a g e n e r a l   i n c r e a s e   i n   s t a t i c  
pressure  level  along  the  combustion  zone i s  countered by the  expansion waves 
t h a t   a r e   r e f l e c t e d  from the   f r ee   s t r eaml ine   t ha t  bounds the  a i r  f l o w .   I n i t i a l l y ,  
t h i s   s t r e a m l i n e  i s  made h o r i z o n t a l  by matching  the  pressures   before   the  s tep 
and i n   t h e   c a v i t y ;  i t  then  a d j u s t s  i t s  d i r e c t i o n   t o   m a i n t e i n   c o n s t a n t   s t a t i c  
pressure  along  the  boundary. 

The combust ion   tes t  chamber i s  two-dimensional  with a s l o t  mounted 
in   t he   s t r a igh t   wa l l   fo rming   t he   t op  of t he  chamber as shown i n   F i g .  15. 
A contoured Mach 2 nozzle i s  suppl ied  by a combust ion  f i red blow-down a i r  
hea t e r  shown w i t h   t h e   t e s t   s e c t i o n  mounted a t   t h e   e x i t .  A i r  and  oxygen a r e  
metered i n   p r e s e t   p r o p o r t i o n s   i n t o  a plenum  chamber a t  the rear ;  hydrogen 
i s  in jec ted   a round  the   per iphery   in   the  downstream d i r e c t i o n  by means of a 
pe r fo ra t ed   r i ng  and the  mixture  i s  i g n i t e d  by a 15 ,000   vo l t   spark .  The flame 
and  combustion  products  are  confined i n  a seven  inch  inside  diameter  carbon 
s t e e i   p i p e   f i v e   f e e t   l o n g .  The hydrogen  and  oxygen a d d i t i o n   t o   t h e  main a i r  
s t ream  are   determined  to   produce a given  temperature  of  the  products  of 
combustion  and t o  make up the oxygen consumed i n   t h e   r e a c t i o n   s u c h   t h a t   t h e  
mass f r a c t i o n  of  oxygen in   t he   p roduc t s  i s  the  same a s   i n   p u r e  a i r .  ,Typically,  
a mixture   to   produce  "vi t ia ted" a i r  a t  1400°K will have a mass f r a c t i o n  of 
oxygen  of  0.23,  water 0.10 and n i t rogen  0.67 a s  opposed t o   p u r e   a i r   w i t h  a 
mass f r a c t i o n   o f  oxygen  of  0.23  and  nitrogen 0.77. It i s  be l ieved   tha t  t h i s  
impur i ty   i n   t he  main a i r   s t r e a m  will have a s m a l l   e f f e c t  on the  chemistry  of 
the  igni t ion  process   under   considerat ion.  The to ta l   t empera ture  and pressure  
of  the "air" are  monitored  and  recorded by thermocouples  and  pressure  trans- 
ducers.  The exhaust  from  the  heater i s  then  passed  through a two-dimensional 
t h r o a t  anc' expanded t o  Mach 2 a t  t h e   i n j e c t i o n   s t a t i o n .  The c ross - sec t ion  
of t h e   t u n n e l   a t   t h e   i n j e c t i o n   s t a t i o n  i s  a r ec t ang le  two inches  high and 
three  and one-half  inches  wide. 

Hydrogen f o r   f u e l   i n   t h e   t e s t   s e c t i o n  i s  heated by a bed of ho t  
s t a i n l e s s   s t e e l   b a l l s  318" i n  diameter-  contained i n  a v e r t i c a l  3" pipe 
mounted  on the   fue l   in jec t ion   b lock .   This   hea te r   p roduces   hydrogen   a t  
temperatures up  t o  825OK, which i s  then   exhaus ted   in to   the  main a i r   s t r e a m  
through a wall s l o t  a t  sonic   condi t ions .  
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Experimental   Resul ts   and  Interpretat ion 

The f i r s t  t es t  s e r i e s  was run  with a l a r g e   s o n i c   s l o t  (.310 i n . )  
as shown i n  F ig .   16 .   This   s lo t   a l lows   in jec t ion   of  amounts  of  hydrogen 
f u e l  u p  to   s to ich iometr ic   p ropor t ions   whi le   matching  s t a t i c  pressures  a t  
t h e   e x i t .  

Representa t ive   photographic   resu l t s   a re  shown i n   F i g .  1 7  fo r   an  
l l a i r l l  s tagnat ion  temperature  of 1670°K and s to ich iometr ic   p ropor t ions  of 
hydrogen  with a s tagnat ion  temperature   of  450°K. The two p i c t u r e s  given as 
Fig. 17a and Fig.  17b are  luminosity  photographs  taken  with  the window i n  
the  downstream  position  and a three  probe  rake  in   the  f lame  zone a t  the 
e x i t .  The f i r s t   p i c t u r e  was taken   perpendicular   to   the  t es t  sec t ion   wh i l e  
the  second i s  t a k e n   s l i g h t l y   t o   t h e  rear to   a l low  viewing somewhat i n t o   t h e  
t es t  s e c t i o n  a t  the  end. Two observa t ions  are impor t an t .   F i r s t ,   t he   f l ame  
zone i s  of f   the   tunnel  wal l  and i s  loca ted   a long   t he   i n t e r f ace  between the  
hydrogen  and a i r  streams.  Secondly,   there i s  a separate  flame  zone  which 
hangs i n   t h e  eddy  caused by the  terminat ion  of   the  top wall of   the   tunnel  
vhich indicates  tha t   the   in jec ted   hydrogen   has   no t   been   en t i re ly  consumed 
i n   t h e  chamber length  of   approximately  twelve  inches.   This   resul t  i s  
a n t i c i p a t e d  on the   bas i s  of   the  non-dimensional   length,   expressed  in   s lot  
he ights ,   ava i lab le   for   combust ion .   For   the   p resent   conf igura t ion ,   th i s  
parameter ,   (L/a) ,  i s  roughly 40 which i s  cons idered   shor t  on the   bas i s  of the  
approximate  mixing  analyses  available.   This  length,   while  being  too  short  
to  expect  complete  combustion, i s  su f f i c i en t   fo r   s tudy ing   t he   i gn i t i on   p rocess .  

A shadowgraph  of  the  rake i n   t h e  flame as shown in   t he   l uminos i ty  
photographs i s  given as Fig.  17c. Normal shocks   s t and ing   i n   f ron t  of the  
probes are v i s ib l e   demons t r a t ing   conc lus ive ly   t ha t   t he   f l ow  in   t he   combus t ion  
zone i s  supersonic .  The poor  quality  of  the  shadowgraph i s  caused by the  
luminosi ty   of   the   f lame  i tself   which  could  not  be  c o m p l e t e l y   f i l t e r e d   o u t .  

The e f f e c t s   o f  a i r  temperature on t h e   f l o w   f i e l d   f o r  a given  hydrogen 
fuel   temperature   were  systematical ly   s tudied,  and the   impor t an t   r e su l t s   can  
be demonstrated by consider ing two cases  having a i r  temperatures  of 1500°K 
and 1670°K wi th  a hydrogen  temperature of 780°K and Cp = 3/4. Figure 18 shows 
t h e   f l a m e   p a t t e r n   f o r   t h e   l a t t e r   c a s e   w i t h  a f ive  probe  rake  in   measuring 
pos i t ion .  The d i s t r ibu t ion   o f   s t a t i c   p re s su re   a long   t he   uppe r  wall of   the 
chamber i s  g iven   i n   F ig .  16. A sl ight   compression due to  combustion  can be 
observed j u s t  downs t r eam  o f   t he   i n j ec t ion   s t - t i on ;   t h i s  i s  followed by an 
expansion  which i s  caused by t h e   r e f l e c t i o n  of t he   i n j ec t ion   ob l ique   shock  
from the   f r ee   s t r eaml ine  a t  t he  bottom. A shadowgraph  showing th i s   shock  
and pa r t  o f   t he   r e f l ec t ion   r eg ion   fo r  a somewhat h ighe r   equ iva lence   r a t io  
(X = 1.0)  i s  shown i n   F i g .  15. The flow i s  from l e f t  t o  r i g h t  and t h e  end 
of  the  contoured  nozzle i s  v i s i b l e  a t  the  bottom of  the  photograph. The 
v e r t i c a l   d i s t u r b a n c e  a t  the   ex t reme  r igh t  hand s i d e  of   the  picture  i s  a 
s tagnat ion   reg ion   caused  by t h e   f a c t   t h a t   t h e  window i t s e l f  i s  recessed  
1/16"  from  the  tunnel  surface. 
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For t h i s   p a r t i c u l a r   c a s e ,   t h e  Mach number behind  the  shock i s  
approximately 1 . 7 ;  of  course,   the  f low i s  re-expanded  to   roughly Mach 2.0 
by the  reflection.  Compression  from  the  continuing  combustion  cancels  the 
expansion  along  the  top wall y i e ld ing  a r e a s o n a b l y   f l a t   p r e s s u r e   d i s t r i b u t i o n  
for   the   remainder   o f   the   t es t   sec t ion .  The r a k e   a t   t h e   e x i t  measured f i v e  
p i t o t   p r e s s u r e s  a t  t he   l oca t ions  shown i n   F i g ,   1 6 ;  by assuming a va lue   fo r  
t h e   r a t i o   o f   s p e c i f i c   h e a t s  and a s t a t i c  pressure  of  one  atmosphere, a Mach 
number d i s t r i b u t i o n   c a n  be determined. An es t ima te   o f   r ea l   gas  and  composition 
e f f e c t s  shows t h a t  a constant   value  of  Y = 1 .20   c lose ly   s imu la t e s   t he   r ea l  
phys ica l   p rocesses   for   the   purposes   o f   ca lcu la t ing  Mach number. A d i s t r i b u t i o n  
o b t a i n e d   i n   t h i s  way i s  g i v e n   i n   F i g .  20 which  again shows the  f low  to  be 
supersonic   in   the   f lame.  The wall temperature was measured as 755OK which 
r e s u l t s   i n  a maximum s ta t ic  temperature  of llOO°K i n   t h e  a i r  boundary l aye r  
approach ing   t he   i n j ec t ion   s t a t ion .  

Lowering the  a i r  s tagnat ion   tempera ture   to  1500°K f o r   t h e  same 
hydrogen  condi t ions  resul ts   in   the  f lame  pat tern shown i n   F i g .  21,  where the  
flame  emerges as a l a rge  bushy j e t .  The top wall s t a t i c  p r e s s u r e   d i s t r i b u t i o n  
obtained  under   these  condi t ions i s  shown i n   F i g .  22. It i s  impor tan t   to   no te  
t h a t   t h e r e  i s  no i n i t i a l  compression  and  that  the  expansion i s  more severe  
than   in   the   p rev ious  case i n d i c a t i n g   t h a t   t h e r e  was no combustion  and  hence 
no compression  before  roughly  six  inches.  Beyond th is   po in t ,   combust ion   begins  
b u t   i n  a region  where  the  gases  have become well-mixed. The s t rong   pressure  
r i s e   t h a t   r e s u l t s  from  such a process  cannot be supported by the  boundary 
l aye r ,  and the  f low separates Eom  the wall  causing a s t rong   shock   in   the  
stream a f t e r  which  the  flow  completely  breaks down emerging  as shown i n   t h e  
photograph. The p i to t   p robes  a t  the  exi t   read  roughly  a tmospheric   confirming 
tha t   t he   f l ow  had   i ndeed   s epa ra t ed   r e su l t i ng   i n  a l a r g e   r e c i r c u l a t i o n  zone. 
The wall t empera tu re  was 820°K which r e s u l t s   i n  a maximum i n i t i a l  a i r  s t a t i c  
temperature  of 10IO°K which i s  b a r e l y   t h e   l e v e l  which i s  genera l ly   accepted  
as necessa ry   fo r   r epea tab le   au to - ign i t ion   and   t hus   r e su l t s   i n   l ong   de l ay  
d is tances  . 

Analy t i ca l  R e s u l t s  for   Test   Condi t ions 

The t e s t   c o n d i t i o n s   f o r   t h e   h i g h e r  a i r  temperature (1670'K) t e s t  
were t r ans l a t ed   i n to   i npu t   cond i t ions   fo r   t he   ana lys i s   p re sen ted   i n   Sec t .  2 
and a calculation  performed.  This t es t  was se l ec t ed   fo r   s tudy   s ince   supe r -  
s o n i c   i g n i t i o n  was a c h i e v e d   i n  a d i s t ance  fer shor te r   than  would  be expected 
from the   f ree   s t ream  condi t ions , imply ing   tha t   the   wal l   favorably   a f fec ted   the  
ign i t i on   p rocess .  On the   bas i s  of a s i m p l e  k ine t ics   approach ,  a f r ee   s t r eam 
s t a t i c  t empera tu re  of 978'K a t  one a tmosphe re   shou ld   r e su l t   i n   an   i gn i t i on  
delay  of 1.5 x sec.4  With a f r e e  stream v e l o c i t y  of 4260 f p s ,   t h i s  
r e s u l t s   i n   a n   i g n i t i o n   d e l a y   l e n g t h   o f   . 6 3   f t .   F u r t h e r m o r e ,  a recent  study16 
i n d i c a t e s   t h a t   t h e  common chemica l   k ine t ics   ana lyses   such  as Ref. 4 cannot 
be d i r ec t ly   ex t ended   i n   u se  below 1000°K and tha t   i gn i t i on   de l ay   t imes   de t e r -  
mined i n   t h a t  way a r e   t o o   s h o r t .  On the   bas i s   o f  a l l  t h i s   t h e n ,   a n   i g n i t i o n  
delay  dis tance  of  7 t o  8 inches would be expec ted   for   the   f ree   s t ream  condi t ions  
of t h i s   t e s t .   I n   t he   ac tua l   expe r imen t ,   however ,  a luminous  frame was observed 
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to   occur   about  2 inches   f rom  the   in jec t ion   s ta t ion   ind ica t ing   tha t   the  
s p l i t t e r  p l a t e  boundary l aye r  mus t  have   acce le ra t ed   i gn i t i on .  An i g n i t i o n  
delay time based  on  the maximum tempera tu re   i n   t he  a i r  boundary  layer i s  
6.5 x 10-5 sec. Taking   the   ve loc i ty  a t  the  point   where  the  temperature  i s  the  
maximum as 2754 fps   g ives   an   ign i t ion   de lay   d i s tance   o f  .18 f t  which i s  i n  
rough  agreement   with  the  experimental   resul t .  

One a s p e c t   o f   t h e   i n i t i a l   c o n d i t i o n s   p e r t i n e n t   t o   t h e  tes t  r equ i r e s  
fu r the r   cons ide ra t ion  and t h a t  i s  whether   the   in i t ia l   boundary   l ayer  i s  
l a m i n a r   o r   t u r b u l e n t .   S i n c e   t h e   i n j e c t i o n   s l o t  i s  loca ted   a long   t he   f l a t  
sur face   o f  a two-dimensional  half-nozzle,   the  upstream  run  corresponds  roughly 
t o  a f l a t  p l a t  a t  t h e   e x i t  Mach number. The Reynolds number based  on  axial  
l e n g t h   c a l c u l a t e d   i n   t h i s  manner i s  2 x 106, and  with  the  s t rongly  cooled 
wall condi t ions   o f   the  t e s t ,  t h i s   shou ld  be we l l   i n   t he   l amina r  regime.7 
Furthermore,   s ince what p re s su re   g rad ien t   does   ex i s t   on   t h i s   su r f ace  i s  
f avorab le ,   t h i s   cone lus ion  i s  g iven   addi t iona l   suppor t .  

The resul ts  of t he   ca l cu la t ion   a r e  most c l ea r ly   d i sp l ayed  as 
s t a t i c  tempera ture   p rof i les  a t  s e v e r a l   a x i a l   s t a t i o n s  as shown i n   F i g .  23. 
The s o l i d   l i n e  i s  t h e   i n i t i a l   t e m p e r a t u r e   d i s t r i b u t i o n   w h i c h  shows a maximum 
of 106OOK a t  a height  of .001 f t . ,   t h e   f r e e   s t r e a m  s t a t i c  tempera ture   l eve l  
of 980°K and t h e   f u e l  s t a t i c  temperature  of 650°K. The dash-dot   l ine  i s  the  
p r e d i c t e d   p r o f i l e  a t  .02' (roughly 10 6) downstream  of  injection. The p r o f i l e  
s t i l l  d isp lays  a maximum but   the  level   has   dropped  to  985'K. A s  we proceed 
f u r t h e r  downstream  the maximum disappears   and  prof i les   such as shown f o r  
x = .05 and .15 f e e t   a r e   o b t a i n e d .  The pos i t i ons  where  an  equivalence  ra t io  
of  one t e n t h   ( t h e   l e a n   i g n i t i o n  l i m i t  a t  room temperature) i s  obtained is  
shovm as a la rge   do t   on   each   prof i le .  

Some o b s e r v a t i o n s   r e l a t i v e   t o   t h e   i g n i t i o n   q u e s t i o n   c a n  be r e a d i l y  
made. F i r s t ,   wh i l e   t he   e l eva ted   t empera tu re   r eg ion  due t o   t h e   i n i t i a l  
boundary l a y e r   p e r s i s t s   f o r  a large  di .stance  downstream  in terms of  boundary 
layer   thicknesses   ( roughly l o ) ,  i t  i s  a small d i s t a n c e   i n  terms of t h e   i g n i t i o n  
de lay   d i s tance   based   in  Tma . Second,  the  free  stream  temperature of the  tes t  
i s  s o  c l o s e   t o   t h e  u s u a l  10ifO°K au to - ign i t ion  l i m i t  t h a t  a not   unreasonable  
e r r o r   i n   t e m p e r a t u r e  measurement   could  confuse  the  interpretat ion of t h e   r e s u l t s .  
It i s ,  t h e r e f o r e ,   d i f f i c u l t   t o  assert  conclusively  that   th is   comparison  between 
theory and   exper iment   p rovides   an   absolu te   cor robora t ion   of   the   theory .  Hcw- 
eve r ,  i t  appears clear t h a t   t h e  wall e f f e c t s  must  have a c c e l e r a t e d   i g n i t i o n  and 
t h a t   t h e   a n a l y t i c a l  resul ts  ce r t a in ly   i nd ica t e   t ha t   such   e f f ec t s   cou ld   have  done 
so f o r   t h e   t e s t   c o n d i t i o n s .   T h i s  l a s t  s ta tement  i s  necessa r i ly   equ ivoca l   s ince  
i t  i s  n o t   p o s s i b l e   t o   a s s e s s   q u a n t i t a t i v e l y   t h e   e f f e c t s   o f  a gradual  streamwi-se 
r e d u c t i o n   i n   l o c a l   s t a t i c   t e m p e r a t u r e  from Tmax on the  igni t ion  proc.ess   with-  
ou t  a chemica l   k ine t ics   t rea tment .   This  is  a l l  the more t r u e   i n   t h e  c r i t i c a l  
reg ion   near  1000% 
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a 
CONCLUSIONS 

The compl i ca t ed   ques t ion   o f   i n i t i a l  a i r  s i d e  boundary  layer   effects  
on the   ign i t ion   o f   s lo t - in jec ted   gaseous   hydrogen  by a hot a i r  stream  has  been 
considered by means of  an  approximate  analysis.  The p r i n c i p l e   e f f e c t s   t r e a t e d  
were fuel   temperature ,   boundary  layer   s ize  and  boundary layer   character- laminar  
o r   t u rbu len t .  The regime  of  conditions  where t h i s  work i s  of  importance i s  
where the   f r ee  stream s t a t i c  temperature is  low enough t h a t  wall e f f e c t s  
a r e   t he   on ly  and thus   dominant   ign i t ion   p rocess .   In   th i s   case ,  i t  i s  shown 
t h a t   t h e  actual  s i z e   o f   t h e   i n i t i a l  boundary l aye r  i s  a l l   i m p o r t a n t   i n   t h a t  
a n   i n s u f f i c i e n t   s i z e  will not   p roduce   ign i t ion   regard less  of the  wall tempera- 
t u re ,   fue l   t empera tu re   o r  boundary l aye r   cha rac t e r .  A rough  ru le   tha t   the  
boundary l aye r  be larger   than  the  product   of   the   igni t ion  delay  t ime  based 
on Tmax and   the   loca l   ve loc i ty  a t  tha t   po in t   p rovides   an   es t imate  of the 
r e q u i r e d   s c d l e   f o r  a given  problem. Of course ,   the   ac tua l   f ree   s t ream 
temperature ,   the   fuel   temperature  and the  character  of  the  boundary  layer 
must  be c o n s i d e r e d   i n   d e t a i l   i n   o r d e r   t o   p r o v i d e  a def ini t ive  answer.  

The ana lys i s  was a l s o  compared t o  some previous  experimental  
observations  and  found  to be i n   g e n e r a l  agreement  although  the  conditions  of 
t h e   t e s t  were  such  that a t ru ly   de f in i t i ve   co r robora t ion   o f   t he   ana lys i s  
was not   poss ib le .  However, t h i s  comparison  provides  strong  eviden-e  for  the 
general  adequacy  of  the  theory  and i t  i s  f e l t   t h a t  a use fu l   t oo l   fo r   p red ic t ing  
ign i t ion   behavior  of  suggested  systems  has  been  developed. 
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Fig. 14 WALL SLOT TEST  CONFIGURATIONS 
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(c) Shadowgraph of the 
three-probe  rake  in the 
combus  tion zone, 

I 

Figure No. 17 

(b) Luminosity  photograph 
from a slight  rearward 
angle. 

(a) Luminosity  photograph 
taken  perpendicular  to  the 
tunnel, 



Figure No. 18 - Luminosity  photograph, 
To,AIR = 1670"K, To,H2 = 780"K, 
cp = 0.75 

Figure No. 19 - Shadowgraph wi th   t he  
window in   the   ups t ream  loca t ion ,  
l a r g e   s l o t   w i t h   i n j e c t i o n ,  cp = 1. 
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Fig. 20 MACH NUMBER DISTRIBUTION FOR To, AIR = 1670°K,To, H 2 =  
780°K, 'p= 0.75 

Figure No.  21 - Luminosity  Photograph, 
To,AIR = 1500"K, To, H2 = 780"K, 
cp = 0.75 
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Fig. 23 TEMPERATURE  PROFILES AT SEVERAL  AXIAL STATIONS 
AS PREDICTED BY ANALYSIS FOR THE  TEST  CONDITIONS 

NASA-Langley, 1966 CR-344 


